Introduction
A fine balance is required when tuning the steric properties of an ancillary ligand for use in rare earth metal chemistry. Sufficiently sterically demanding groups must be retained on the ligand for the purpose of shielding the metal centre; however, too much bulk can result in extreme steric crowding and undesired ligand reactivity, such as cyclometalative C-H bond D r a f t 4 activation. 1 Our group has previously developed a family of carbazole-based bis (phosphinimine) ancillaries that offer varying steric and electronic properties. We have reported the synthesis of a range of bis(phosphinimine)carbazole pincers whereby the phosphinimine functionality was comprised of two phenyl rings attached to phosphorus, and an aryl group (phenyl, paraisopropylphenyl, mesityl or pyrimidine) bound to nitrogen (i, Chart 1) or a dioxaphospholane ring, and a para-isopropylphenyl moiety at the nitrogen atom (ii, Chart 1). 2 It was found that rare earth complexes of ligand i (Ph, Pipp and Mes) were prone to decomposition via intramolecular cyclometalative C-H bond activation of either P-phenyl or N-aryl rings of the ligand. 2a, d, 3 Despite systematic modification of the N-aryl rings of the ligand framework, the pincer retained its tendency toward cyclometalation, with reactivity largely occurring at the PR 2 sites.
Accordingly, we have focused our attention at modulation of the ligand framework at phosphorus.
Chart 1. Bis(phosphinimine)carbazole proteo ligands
It was expected that a reduction of steric bulk around the exterior edge of the ligand would dampen cyclometalation pathways. For this purpose, a variety of alternatives to the diphenylphosphine subunit (iii, Chart 2) were considered. For example, incorporation of dimethylphosphine groups (iv, Chart 2) were anticipated to result in significantly reduced D r a f t 5 peripheral steric properties. This structural change was also expected to integrate other beneficial qualities into the ligand framework, such as improved ligand solubility in aliphatic solvents and diagnostic 2 J HP NMR coupling.
Chart 2. Various -PR 2 moieties
In addition to a reduction in steric bulk, it was speculated that linking the R groups on phosphorus together might also reduce the propensity for cyclometalation reactions of the phosphinimine functionality. The intention of this approach was to generate a cyclic phosphoruscontaining ring with a constrained geometry so that metalative C-H bond activation would be restricted by raising the energy barrier for a highly ordered σ-bond metathesis transition state. We previously explored the use of dioxaphospholane rings for this purpose (ii, Chart 1; vi, Chart 2);
however, it was found that a dialkyl lutetium complex of ligand ii was prone to ring opening insertion of the dioxaphospholane rings into lutetium alkyl bonds. 2c Accordingly, the non-oxygen containing congener, phospholane (v, Chart 2) was considered. Notably, the phospholane ring possesses a restricted geometry that was expected to be less prone to pivot to within close proximity of a chelated metal, as is required for cyclometalative C-H bond activation at the site adjacent to phosphorus. Thus, an investigation regarding the effect of incorporating dimethylphosphine and phospholane into our bis(phosphinimine)carbazole ligand framework, and subsequently, the potential for these new ligands to support highly reactive rare earth dialkyl species, was undertaken.
Results and Discussion

Dimethylphosphine Ligand Synthesis
The phosphonite ester P-O reactivity of the dioxaphospholane rings in 1, observed. The methyl groups on carbazole give rise to a singlet at δ 2.55 (6H) and the NH proton resonates as a broad singlet at δ 11.18 (1H). In addition to full characterization of 3 by multinuclear NMR spectroscopy, its solid-state structure was also determined by single-crystal D r a f t 7 X-ray diffraction. The molecular structure is depicted in Figure 1 as a thermal ellipsoid plot and selected metrical parameters are listed in Table 1 . Figure 1 . Thermal ellipsoid plot (50% probability) of 3 with hydrogen atoms (except H2N), omitted for clarity.
Ligand 3 adopts a comparable solid-state structure to the other related structurally characterized proteo ligands described previously. In order to unambiguously confirm the identity of complex 5, an X-ray diffraction experiment was performed. Single crystals of the compound were obtained by slow diffusion of pentane into a benzene solution and it was found to crystallize in the monoclinic space group P2 1 /c. The molecular structure of 5 is depicted in Figure 3 and selected metrical parameters are listed in Table 3 .
The metal centre in 5 is seven-coordinate and adopts a distorted pentagonal bipyramidal geometry with the equatorial plane defined by N1, C16, N4, N3 and C18 (N1-Lu1-C16 = 62.70(6)º, C16-Lu1-N4 = 72.92 (7)º, N4-Lu1-N3 = 75.29(6)º, N3-Lu1-C18 = 63.58 (7) Table 3 . Selected bond distances /Å and angles /º for compound 5
The Lu-C bond lengths in complex 5 are quite long at 2.548(2) Å and 2.529(2) Å, and are comparable to the Lu-C bond distances in a phosphonium bis(ylide) complex, Cp*Lu((CH 2 ) 2 PPh 2 ) 2 (2.493(2) Å, 2.526(2) Å, 2.465(2) Å and 2.480(2) Å). 9 Interestingly, the bonding mode of the N-P-C moieties in 5 has some resemblance to that of a phosphonium ylide ligand. Particularly evident are the short P1-C16 and P2-C18 bond lengths of 1.715(2) Å and 1.724(2) Å, respectively. These can be compared to the longer P1-C15 and P2-C17 bond distances (1.810(2) Å and 1.814(2) Å, respectively) as well as the P-Me bonds in 3 (1.788 (2) In an effort to further derivatize the metal centre of 5, its acid-base reactivity with a variety of anilines was tested; unfortunately, the complex showed no signs of reactivity towards these substrates, even at elevated temperatures (100 ºC, 48 h). It can therefore be surmised that the two DMAP ligands coordinated to the metal centre in 5 stabilize the complex to a degree where it appears to be inert toward such reactivity.
D r a f t
Phospholane Ligand
Due to the propensity of ligand L A to undergo cyclometalation of its PMe 2 groups to afford complexes of type 5, we were interested in further modifying the ligand structure so as to limit such chemistry. Accordingly, we premised that linking the alkyl groups on phosphorus together, thus generating a cyclic ring with a constrained geometry, would aid in restricting metalative C-H activation at this site. While a phospholane-based framework was expected to exhibit similar electronic properties as the PMe 2 congener, it was also anticipated that the significantly different geometry would lead to a metalation resistant phosphinimine ligand.
The phospholane precursor required for this work, 1-chlorophospholane, 6, was prepared via a modified literature procedure, 10 wherein the Grignard reagent of 1,4-dibromobutane was reacted with dichloro(diethylamino)phosphine, followed by chlorination with dichlorophenylphosphine (Scheme 4). 
D r a f t
Compound 9 crystallized in the orthorhombic space group Pbcn (Figure 4 ). The molecule exhibits high symmetry in the solid state, with two-fold rotational symmetry about the axis defined by the N1-H1 bond. Due to this symmetry, the ring system of the phospholane moieties lay on opposite planes of the carbazole scaffold. The phosphorus atoms lay relatively periplanar to the aromatic carbazole backbone, expressed by the N1-C10-C5-P1 torsion angle of 2.9(2)° (Table 4 ). This geometry is notably different from that in the solid-state structure of the close analogue 1, which possesses dioxaphospholane rings in place of the phospholane rings in 9. 2c In 1, both dioxaphospholane rings lay on the same plane of the carbazole framework; this arrangement is likely influenced by hydrogen bonding interactions of the dioxaphospholane oxygen atoms with the carbazole NH. The C5-P1 bond length in 9 is 1.840(2) Å; highly comparable to the analogous C-P bond distances in 1 (1.839(2) and 1.829(2) Å). 
In addition to identification by multinuclear NMR spectroscopy, proteo ligand 10 was structurally characterized by single-crystal X-ray diffraction. Colourless plates of 10 were obtained from a concentrated solution of benzene layered with pentane at ambient temperature.
Compound 10 crystallized in the monoclinic space group C2/c, with one molecule of benzene and one molecule of pentane, and is illustrated as a thermal ellipsoid plot in Figure 5 . In the solid state, the N-aryl groups of 10 are nearly perpendicular to the planar carbazole backbone; a similar arrangement was observed in the structure of 3. The phosphinimine P-N bond lengths of 10 were measured to be 1.575(3) Å and 1.572(3) Å for P1-N3 and P2-N2, respectively (Table 5) This difference is a testament to the highly constrained geometry of the phospholane rings in 10,
and was interpreted as likely to prevent cyclometalation at these sites. 
Metal Complexation and Cyclometalation
In an effort to compare the reactivity of proteo ligands 10 and 3, Lu(CH 2 SiMe 3 ) 3 (THF) 2 was reacted with 10 so as to generate the corresponding dialkyl species. This reaction was While the dialkyl lutetium complex 11 was successfully generated in situ and fully characterized in this form by multinuclear NMR spectroscopy, it was found to be thermally unstable and over time, decomposed with loss of a second equivalent of SiMe 4 (vide infra). Due to this, attempts to isolate 11 as an analytically pure solid were unsuccessful and always resulted in mixtures of 11 and its decomposition product. However, complex 11 can be quantitatively prepared and studied at low temperature. have ruled out the possibility of cyclometalation occurring at the phospholane rings in a manner akin to that which occurred in complex 5. Specifically, the number, integration and multiplicity exhibited for both the aromatic para-isopropylphenyl (7H) and phospholane methylene (16H)
protons match that expected for a C 1 -symmetric complex that is singly metalated at the ortho position of a Pipp group.
Following decomposition of 11 to the singly metalated compound 12, further degradation to a series of unknown species (possibly double cyclometalation products) was observed by spectroscopic analysis. The instability of the N-aryl metalated compound 12 made its full characterization extremely difficult, even at low temperatures, and isolation of a well-behaved solid was not possible. The complicated nature of this mixture of decomposition products has precluded their identification.
Kinetic Analysis of Ligand Metalation
The decomposition of complex 11 to 12 was quantitatively monitored using 31 Figure 6 , whereby disappearance of the peak at δ 54.6 (corresponding to compound 11) along with simultaneous emergence of two resonances of equal intensity at δ 55.9 and 53.1 (attributed to the asymmetric product 12) was observed over 10800 s.
The observed rate constants for the cyclometalation of complex 11 were obtained from first order plots of the reaction with observed t 1/2 values ranging from 7.7 h to 3.7 min (Table 6 ).
To express the temperature dependence of the observed rate constants, an Eyring plot was constructed (Figure 7) , which allowed for extraction of the activation parameters ∆H ‡ = 74.50 ± 0.062 Figure 7 . Eyring plot of the cyclometalation of complex 11.
Scandium Complexation and Cyclometalation
Preliminary results have demonstrated that scandium complexes of ligand 10 behave markedly different from the lutetium congeners described above. A dialkyl scandium complex Unfortunately, compound 15 is not thermally stable for prolonged periods in solution at ambient temperature, and further decomposition to a mixture of unidentified substances was observed after a period of 5 hours. While the compound exhibits greater stability at −35 ˚C, attempts to isolate the double cyclometalated compound yielded a mixture of intractable products.
Scheme 7. Synthesis of L B Sc(CH 2 SiMe 3 ) 2 (13) and decomposition to complex 15 through two sequential intramolecular cyclometalation processes.
Conclusions
In an effort to modify a bis(phosphinimine)carbazole ligand, the steric bulk around the peripheral 
Experimental General Procedures
All reactions were carried out under an argon atmosphere with the rigorous exclusion of oxygen and water using standard glovebox (MBraun) or high vacuum line techniques. The solvents diethyl ether, THF, pentane, heptane, benzene and toluene were dried and purified using a solvent purification system (MBraun) and distilled under vacuum prior to use from sodium benzophenone ketyl (diethyl ether and THF) or "titanocene" indicator (pentane, heptane, benzene and toluene). Deuterated solvents were dried over sodium benzophenone ketyl (benzene-d 6 were prepared according to literature procedures. The reagent MeLi was purchased from SigmaAldrich as a 1.6 M solution in Et 2 O and the solvent was removed under vacuum to yield the reagent as a white solid. All other reagents were obtained from commercial sources and used as received.
Synthesis of 1,8-bis(dimethylphosphino)-3,6-dimethyl-9H-carbazole (2)
A mixture of toluene and THF (10:1, 20 mL) was added to a 100 mL bomb containing 1 (0.316 g, 0.843 mmol) and MeLi (95.9 mg, 4.36 mmol) at ambient temperature. Initial NH deprotonation occurred immediately at this temperature as evidenced by a rapid colour change from yellow to orange and evolution of methane gas. The vessel was then heated to 100 °C for 2.5 h to promote derivatization at phosphorus. Upon sitting for 10 min and cooling to ambient temperature, a red 
Synthesis of (L
In a glovebox, a 25 mL Erlenmeyer flask was charged with 3 (0.0225 g, 0.0387 mmol) and 4 (0.0265 g, 0.0389 mmol). Benzene (2 mL) was added to the flask and the reaction mixture was stirred at ambient temperature for 1.5 h. The solution was filtered through a bed of Celite, concentrated under reduced pressure to 0.5 mL, and left at ambient temperature to crystallize. As such, this data was not obtained.
Decomposition of 11 to 12
An NMR tube containing 11 was allowed to sit at ambient temperature over a period of 4 hours to generate the asymmetric decomposition product 12. This decomposition product is also thermally sensitive, resulting in further decomposition to a variety of unknown products at ambient temperature over a time period of 4 hours. 1 
X-ray Crystallography
Recrystallization of compound 3 from toluene, 4 and 9 from pentane, and 5 and 10 from benzene layered with pentane afforded single crystals suitable for X-ray diffraction. Crystals were coated in hydrocarbon oil under an argon atmosphere and mounted onto a glass fibre. Data were collected at −100 °C using a Bruker SMART APEX II diffractometer (Mo Kα radiation, λ = 0.71073 Å) outfitted with a CCD area-detector and a KRYO-FLEX liquid nitrogen vapour cooling device. A data collection strategy using ω and φ scans at 0.5° steps yielded full hemispherical data with excellent intensity statistics. Unit cell parameters were determined and refined on all observed reflections using APEX2 software. 18 Data reduction and correction for Lorentz polarization were performed using SAINT-Plus software. 19 Absorption corrections were applied using SADABS. 20 The structures were solved by direct methods and refined by the least squares method on F 2 using the SHELXTL software suite. 21 All non-hydrogen atoms were refined anisotropically, except in certain cases of disorder (vide infra). Hydrogen atom positions were calculated and isotropically refined as riding models to their parent atoms. Table 4 provides a summary of selected data collection and refinement parameters. Special considerations were required in the refinement of disordered moieties in the structure of 5 where one paraisopropylphenyl group (C28, 52% / C28b, 48%) was disordered. Disordered atoms were refined as isotropic mixtures and some restraints were applied in order to obtain reasonable bond distances and angles. D r a f t 
